ABSTRACT A new type of multipole field electromagnetic launcher is designed in this paper, which has two parallel layers of multipole structure, and there is a 30-degree relative torsion angle between the inner and the outer one. The armature is designed as a complete and symmetrical hollow cylindrical metal sleeve with no slots. Owing to the superposition of the magnetic fields generated by the two layers, this novel structure can make the magnetic field density and eddy current distribution on the armature unbalanced, which generates an axial force and torque simultaneously. Simulations were conducted, and the magnetic field and the eddy current distribution were analyzed. The simulations indicate that this double-layer multipole field electromagnetic launcher achieves a rotational motion and a higher linear speed than that of single-layer structure. Experiments were performed and the results verified the correctness of the simulations. Due to its rotational performance, this configuration provides an approach to obtain gyroscopic stabilization for projectiles. It creates condition for multi-stage and combined mode applications because the armature does not need to be processed particularly to meet special requirements.
I. INTRODUCTION
Induction launcher is always a main branch of electromagnetic launcher by virtue of non-contact acceleration and the distribution of stresses upon a large surface area [1] - [3] . Because projectiles are suspended in the air by electromagnetic force without any physical means to support, the projectile stabilization during its flight is an important issue for induction launchers [4] - [7] . Gyroscopic stabilization is considered the best way for induction launchers as projectiles do not need to be constructed particularly. Projectiles can acquire gyroscopic stabilization by rotating around the propulsion axis with an angular velocity greater than critical one [5] .
Multipole field electromagnetic launcher (MFEL) is a type of induction launcher, which was first proposed and designed by Zhu et al. [8] . Compared with traditional coilguns, the ratio of the radial compressing force to the axial propulsion force in MFEL is better [9] , [10] . In recent years, several researches
The associate editor coordinating the review of this article and approving it for publication was Bora Onat. demonstrated that MFEL could generate rotational force and simultaneously provide linear acceleration [9] - [12] , which supplies several approaches for projectiles to achieve gyroscopic stabilization. For example, Zhu et al. [11] first proposed a mode of twisty MFEL and analyzed the principle of generating the twisting travelling magnetic wave and verified by simulations; Musolino et al. [9] , [12] explained the mechanism and characteristics of the twisty MFEL in a mathematical way. However, the twisty modes mentioned above take a lot of space because the twisting magnetic field must be generated by multiple stages, so the configuration is complicated and the rotational efficiency is limited. Fan et al. [10] proposed a model of single-stage saddle sextupole field electromagnetic launcher (SSFEL), analyzed the model by simulations and verified by the experiments. This mode can realize a better rotational performance using only one stage, which saves space, but the armature must be slotted and the performance of the launcher depends on the initial twisted angle, which affects the integrity of the armature, complicates the fabrication, limits the flexibility of control and increases the difficulty to adapt for multi-stage application.
To solve the problems mentioned above, a new type of MFEL is designed in this paper, which is called double-layer multipole field electromagnetic launcher (DMFEL). The launcher has two layers of multipole structure with an azimuthal offset with respect to each other, which produces a tangential rotational force and simultaneously generates a larger axial acceleration force than the single-layer structure. The armature in this launcher has no slots, thus keeping the integrity and symmetry of the structure and simplifying the fabrication. So this configuration creates good controllability and adaptability for multi-stage application and matching mode, and provides a technological approach for the applications which need rotational performance for projectiles. For example, this construction can be assembled as a component or a number of stages in a multi-stage coaxial induction coilgun to form a launching system, which can realize both gyroscopic stabilization and better linear propulsion for projectiles.
II. SINGLE-STAGE DOUBLE-LAYER MFEL DESIGN A. LAUNCHER STRUCTURE
The structure of the single-stage double-layer MFEL (SDMFEL) is shown in Fig. 1 (a) . The launcher consists of two layers of driving coils and a sleeve armature. The shape of the traditional MFEL is flat, and the coils are arranged in a polygon. Because the gap between the corner and the armature in the traditional MFEL (shown in Fig. 1(b) ) is too big, the magnetic coupling effect will be reduced, and thus the energy conversion efficiency will be cut down accordingly. In order to overcome this problem, the coils of DMFEL are designed as saddle shapes. The outer layer and inner one both contain six saddle-shaped coils arranged in a circle separately, and the two layers have a 30-degree relative torsion angle with respect to each other. Therefore, unequal current density is induced by asymmetric magnetic field intensity on the armature in axial direction, thus the magnetic field exerts a force on the armature and generates a torque to rotate it. The armature is designed as a hollow cylindrical metal sleeve with no slots. 
B. CIRCUIT ANALYSIS
On the basis of the optimum connection pattern verified by Luo et al. [13] , this paper adopts the pattern that the adjacent driving coils in each layer carry the opposite current, which can produce more uniform eddy current distribution and a stronger interior magnetic field. The circuits of the two layers are the same, and each circuit is driven by its own capacitor bank and discharges at the same time (see Fig. 2 ). DC1 is the power supply that is responsible for charging capacitor C1, S1 and S2 are switches that control the charging and discharging of C1 respectively. Coil1 to Coil6 in series denote the six driving coils in a circle, R1 to R4 represent the resistance of the respective circuit branches. Free-wheeling diode D1 is used to prevent the reverse current and constitute a loop with the driving coils to allow the current to decay gradually.
C. THEORETICAL ANALYSIS
When the pulsed current flows in the driving coils, magnetic fields are generated by the coils, and eddy current is induced on the armature, which is an aluminum alloy sleeve. The magnetic flux distribution (B) and eddy current loops (J) are shown in Fig. 3 and Fig. 4 , respectively. With the combined action of the magnetic field and the induced current, a Lorentz force is generated. To analyze the force, the armature is divided into infinitesimal components, and the force exerted on every component, namely force density is expressed as
where J is eddy current density, B is magnetic induction intensity, e r , e ϕ , e z are radial, circumferential and axial direction respectively, which are indicated in Fig. 1 (a) . Since the eddy current is distributed mainly in the axial and tangential directions, the radial component of the eddy current Jr is negligible. The magnetic field generated by the driving coils is mainly along radial direction, so the magnetic field components Bz and Bϕ are negligible as well. Then the axial acceleration force applied on the projectile Fz is
where V is the volume of armature. The circumferential force applied on the armature Fϕ is
Since the circumference force on each area of the armature cannot cancel out each other, an axial torque Mz is generated, which is presented as
where r is the radius of the armature. This torque makes the armature spin along its axis and gain gyroscopic stabilization. Therefore, enhancing radial magnetic field and optimizing eddy current distribution are favorable for increasing acceleration.
III. SIMULATION ANALYSIS
As discussed previously, the numerical calculation of the magnetic field generated by the driving coils and the force acted on the armature is complicated, therefore a multi-DOF transient motion simulation is utilized to analyze the performance of the launcher. In the following section, the simulation model is described; the magnetic fields generated by the pulsed currents are analyzed; the eddy current distribution on the armature induced by the magnetic field is discussed; the axial magnetic force and torque exerted on the armature are elaborated. Finally, the simulation results are obtained and analyzed. 
A. SDMFEL SIMULATION MODEL
The simulation has been performed using the circuit model previously described (shown in Fig. 2. ). The capacitance is 400 µF, the initial voltage of the capacitance banks are set to five different values of 1500 V, 2000 V, 2500 V, 8000 V, and 20 kV. The 3-D dimensions of the launcher model are given in Table I . The top view of the model is shown in Fig 3. The two layers have a 30-degree relative torsion angle, and the outer and inner adjacent coils are separated equally by angle ϕ 1 and ϕ 2 respectively. P (shown in Fig 4) represents the initial position, which is the relative position between driving coils and armature in the axial direction before the driving coils energized. Initial position can affect the performance of the launcher, and an optimal position makes the armature gain the maximum magnetic energy and achieve the best linear and rotational motion performance. Comparing the results by several simulations, the value of the optimal initial position in this model is set to 15 mm. The flux tangential boundary is applied on the faces of the air-box of the simulation model.
B. SIMULATION ANALYSIS
The shaded plot of the magnetic field intensity is shown in Fig. 5 (a) , and it exhibits that the magnetic field intensity distributions are unequal in the two sides of the driving coils. To illustrate the superposition principle of the magnetic field, a schematic diagram is shown in Fig. 5 (b) . The arch-shaped coils are spread as rectangle circles. The closed lines with arrows represent the current flows through the driving coils, and the arrows on the lines mean the directions of the currents. The dots stand for the magnetic field pointing to the outside generated by the coils, on the contrary, the crosses stand for the magnetic field pointing to the inside. The directions of the currents through two adjacent coils are opposite, so the adjacent magnetic fields have the opposite directions. Therefore, the magnetic fields are strengthened in some areas and weakened in other ones because of the magnetic fields superposition. The unbalanced magnetic field intensity causes unbalanced induced current density on the armature. As shown in Fig. 6 , the magnetic fields of driving coils generate induced eddy current loops on the armature. J pz1 and J pz2 are the axial induced eddy current densities of the adjacent induced current loop on the armature, B r1 and B r2 are magnetic induction intensities acted on J pz1 and J pz2 respectively. In the single-layer MFEL model, the currents in the adjacent coils are equal but with opposite directions, so B r1 is equal to B r2 with an opposite direction and J pz1 is equal to J pz2 . It is known from the previous force analysis that the circumferential forces with reversed directions applied on the armature cancel each other out, so there is no torque acted on the armature in the end. In contrast, in the SDMFEL model, the distribution of the magnetic fields generated by the adjacent coils is unbalanced. The magnitude of the magnetic field intensity B r1 is larger thanB r2 , and the induced eddy current densityJ pz1 is also larger than J pz2 . The curve of the axial eddy current density distribution around the circle on the armature demonstrates the value difference between J pz1 and J pz2 , as shown in Fig. 7 . Fig. 8 indicates the tangential magnetic force density distribution around the circle on the armature, and the difference of the areas between the curve and the zero reference line is the integral of the force density along the circumference of the circle. Obviously, the result is a positive number, which means there is a circumference force acting on the circle to rotate the armature around the Z-axis.
To describe the eddy current density distribution in the axial, radial, and tangential directions on the armature, the curve of eddy current density distribution along the line in the axial section of the armature is drawn, as shown in Fig. 9 . J r denotes the radial eddy current density, and the value of it is near the zero line, so J r can be ignored.J z means the axial current density. J ϕ represents the tangential current density, which is very large at the bottom of the armature and much bigger than the value at the top, which means the current is mainly concentrated at the bottom. Because of the difference of the current density between the top and the bottom, an axial acceleration force is generated.
The curve of the time-varying axial acceleration force and torque applied on the armature is presented in Fig. 10 . The two types of forces act on the armature simultaneously. The simulated results with different voltages are listed in Table 2 , and it is observed that the linear and rotational muzzle velocities increase with the growth of voltage. At a voltage of 20 kV, the linear and rotational muzzle velocities reach to 183.79 m/s and 3666.17 r/min, respectively.
IV. EXPERIMENTAL RESEARCH A. EXPERIMENTAL PLATFORM CONSTRUCTION
The experimental equipment in this paper is composed of a launcher set, pulsed power supply, control system, sensors, velocity-measuring system, data acquisition and processing system, and the layout of the experimental equipment is presented in Fig. 11 . The thyristors are triggered by the control system. The sensors are responsible for detecting the currents, voltages and muzzle velocities. The data acquisition card collects the data from the sensors and sends them to the field-programmable gate array (FPGA) which is applied to calculate data and transport it to the computer. The design and fabrication of the launcher set play an important role in the construction of experimental platform. Fig. 12 displays the structure of the launcher set, which consists of an armature, a winding skeleton, twelve driving coils, a tube and two support bases. The material of the armature is aluminum alloy 2A12, and some reflective strips are affixed to the external surface of the armature uniformly, which makes the photoelectric sensors detect the rotation angle easily and accurately. The driving coils wound with 1.5 mm enamelled wires are assembled in the grooves of the winding skeleton that is a 3D printed model made of photosensitive resin. In addition, the smooth cylindrical fiberglass tube is installed to provide the motion track for the armature, and the two heavy nylon plastic support bases are used to keep the stability of launcher by withstanding the reacting force during the launch process.
The dimension of the launcher is listed in Table I . The inductance and resistance value of the six driving coils in serials arranged in inner and outer layers are respectively measured by LCR meter. The inner inductance and resistance value are 49.686 µH and 145.498 m , and the outer values are 56.22 µH and 168.678 m . In this experiment, the 400 µF capacitor bank is chosen, and the voltage is set to three different value of 1500 V, 2000 V and 2500 V. Based on our existing experimental conditions, all experiments were performed at 2500V and below. The initial position of the double-layer launcher is 15 mm, which is the same as the simulation value.
B. EXPERIMENTAL RESULTS ANALYSIS
To compare the performance between the single-layer and double-layer MFEL, the experiment using the single-layer MFEL which is only arranged inner layer driving coils is performed first, and the initial position is 13 mm. The experimental and simulated currents of the single-layer MFEL are displayed in Fig. 13 . The simulated and experimental results with different voltages are shown in Table 3 . As can be seen above, the experiment and the simulation are basically consistent in the single-layer MFEL mode.
Fig. 14 demonstrates the curves of the experimental currents of inner and outer driving coils in the SDMFEL. Table 4 shows the experimental results of the double-layer launcher. Compared with simulated results shown in Table 2 , the peak values of experimental currents are a little lower than those of simulated currents, and the experimental linear and rotational muzzle velocities both decrease a certain extent. There are some reasons to explain this phenomenon. Firstly, the nuances between the actual wound coils and the simulation coils cause slight differences of resistance and inductance of coils between experiment and simulation. Secondly, because of reflective strips on the armature, the friction between the armature and the tube is bigger than assumption. Thirdly, the driving coils have a bit deformation after several launches, which leads to unbalance launcher structure. Despite all this, the double-layer launcher realizes a larger linear velocity than single-layer structure at the same voltage, and acquires a rotational motion concurrently. The errors between simulated and experimental velocities can be reduced by optimizing the fabrication and assembly. The linear and rotational velocities increase with the increase of voltage, that is to say, the kinetic energy of the armature is proportional to the initial energy storage.
V. CONCLUSION
This paper proposes a single-stage double-layer MFEL configuration possessing linear and rotational performances simultaneously.
Simulations have been performed to analyze the characteristics of the magnetic fields which are excited by VOLUME 7, 2019 the two layers of the driving coils synchronously. The special magnetic fields induce unbalanced eddy current density distribution in the armature. Due to the combined action of the two effects above, the axial propulsion force and the tangential rotational force are generated, which accelerates the armature along the axial direction with a rotational motion. The results of the experiments have proven the correctness of the simulations. When the 400 µF capacitor banks are charged to 2500 V, a 250 g aluminum alloy armature has been accelerated to a linear muzzle velocity of 3.37 m/s with a rotational muzzle velocity of 40.97 r/min. The rationality and feasibility of the design of the single-stage double-layer MFEL have been demonstrated by simulations and experiments. Meanwhile, according to the simulation results above, this launcher can achieve much better linear and rotational performance at the high voltage.
It is recommended to use this arrangement in combination with other types of linear launchers, because this single-stage launcher can provide rotational performance for the projectile to realize gyroscopic stabilization, and the armature does not need to be slotted that can keep its integrity and symmetry. Thus it provides good controllability and adaptability for combined modes. Meanwhile, the projectile can achieve higher speed by the other launchers, they complement each other. On the basis of the studies done above, we can make some efforts, such as optimizing the fabrication of the launcher, raising the voltage and reducing the resistance of the circuit, to increase the efficiency.
